Arboviruses with segmented genomes have the potential to reassort in both their vertebrate hosts and arthropod vectors. Reassortment of Thogoto virus, a tick-borne orthomyxo-like virus, has been demonstrated following dual infection of hamsters by temperature-sensitive mutants. To investigate whether similar events can occur in ticks, Rhipicephalus appendiculatus larvae and nymphs were dually infected by interrupted feeding on viraemic hamsters. Wild-type reassortant virus was isolated from the ticks 12 to 15 days after engorgement. Following moulting, nymphs and adults transmitted reassortant virus to uninfected hamsters. This is the first reported evidence that a tick-borne arbovirus can reassort in vivo in a naturally infected arthropod vector. The relative roles of vector and vertebrate host in generating and perpetuating reassortant viruses in nature are discussed.
INTRODUCTION
Multisegmented viruses have the capacity to reassort their genomic segments in dually infected cells (Cross & Fields, 1977; Gorman et al. 1978; Bishop & Shope, 1979; Scholtissek, 1979; Ramig, 1982) . The significance of reassortment as a mechanism for the rapid evolution of viruses in nature is unknown. It is therefore essential to determine the frequency of reassortment in vivo (Hinshaw et al., 1980; Wenske et al., 1985 ; Gombold & Ramig, 1986) and to understand the conditions under which reassortment is likely to occur.
Arboviruses replicate in both their arthropod vector and vertebrate host and thus have the potential to reassort in two distinct milieu. In a previous paper (Jones et al., 1987) , we presented evidence that Thogoto (THO) virus can reassort in a naturally infected vertebrate. In this paper we examined the ability of THO virus to reassort in a tick vector naturally infected by feeding on viraemic animals.
Thogoto virus is remarkable in that while demonstrably a true arbovirus (Davies et al., 1986) , it shares many structural and morphogenetic properties with the influenza viruses (Orthomyxoviridae) . The viral genome consists of seven segments of negative sense single-stranded RNA, and budding occurs at the cell membrane (Clerx et al., 1983) . Thogoto virus has been isolated from a variety of ixodid tick species throughout Central Africa, Southern Europe and the Middle East, and evidence of THO virus infection has been demonstrated in a wide range of mammals, including man (for review, see Davies et al., 1986) . The virus provides an ideal model for studies on reassortment of an arbovirus because it produces high titre viraemia in laboratorybred hamsters.
Co-infection of a host by related viruses is a prerequisite for reassortment. In ticks, superinfection can be achieved by trans-stadial persistence of the virus from one tick stage to the next, transovarial or trans-venereal transmission (although neither occurs with THO virus), or interrupted feeding. In this report, larvae and nymphs were dually infected by interrupted feeding: ticks partially fed on one infected host were transferred onto a second infected host to 0000-7754 © 1987 SGM Fig. 1 . Procedure for the dual infection of larvae by interrupted feeding. Hamster A was inoculated subcutaneously on day 0 with 5000 p.f.u, of Thogoto virus tsI-16. On day 1 post-inoculation approx. 100 larvae were placed in a neoprene retaining chamber attached to hamster A. Hamster A developed a high titre viraemia and died 4 days after inoculation. The following day, partially engorged larvae from hamster A were transferred onto hamster B on which they completed engorgement in 2 days. Hamster B was inoculated with 5000 p.f.u, tslI-48, 2 days prior to receiving ticks from hamster A. Arrows indicate the periods during which larvae were on the hosts. In the control experiments, either hamster A or B was uninfected, so that control larvae became infected with only one ts mutant. Blood titres represent the geometric means of two to 19 hamsters. complete engorgement. Studies were carried out using the three-host ixodid tick, Rhipicephalus appendiculatus, a vector of THO virus (Davies et al., 1986) .
METHODS
Virus and cell cultures. The SiAr 126 isolate of THO virus (Albanese et al., 1972) was obtained from Dr R. E. Shope (Yale Arbovirus Research Unit, New Haven, Conn., U.S.A.) as an infected suckling mouse brain extract. The virus was grown in BHK-21 cells, and maintained in Eagle's MEM (EMEM) supplemented with 3 ~ newborn calf serum (NBCS). Plaque assays were performed in Vero cells as described by Davies et al.. (1986) . Spontaneous temperature-sensitive (ts) mutants, tsI-16 and tslI-48, representing two different recombination groups, were titrated at 35 °C and 40 °C (the respective permissive and non-permissive temperatures) (Jones et al., 1987) .
Inoculation of hamsters with THO virus. Syrian hamsters 6 to 8 weeks old (supplied by the Physiology Department, University of Oxford), were inoculated subcutaneously with a total of 5000 p.f.u, of THO ts virus. Blood samples (0.1 ml), obtained by cardiac puncture from anaesthetized hamsters, were diluted in 0-9 ml EMEM containing 10~ NBCS and titrated in Veto cells incubated at 35 °C and 40 °C.
Ticks. Unfed R. appendiculatus ticks (larvae, nymphs and adults) were initially supplied by Dr M. Matthewson (Cooper Laboratories, Berkhamsted, U.K.) from a colonized stock that had been maintained for 5 years. A laboratory colony was established by feeding the ticks on female Dunkin Hartley guinea-pigs (average weight 400 g) on which the ticks were retained within neoprene cells until they were engorged (4 to 5 days for larvae, 6 to 9 days for nymphs, and 12 to 14 days for adults). Feeding rate was examined by weighing samples of partially fed ticks each day after attachment to the host. Following engorgement, ticks were maintained at 28 °C in perforated tubes held within dessicators at a relative humidity of 80~.
Dual infection of larvae by interrupted feeding. Nine pools of approx. 100 larvae were allowed to feed partially on viraemic hamsters (A) infected with tsI-16, before being transferred onto a second group of viraemic hamsters (B) infected with tslI-48, to complete their engorgement (Fig. 1) . R. appendiculatus larvae began to imbibe detectable quantitites of blood from day 2 post-attachment, and reached full engorgement on day 4 to 5. Consequently the larvae were interrupted from feeding on hamster A 3 days post-attachment, before being transferred onto hamster B to feed for a further 2 days. Maximum viraemia in hamsters occurred on days 3 to 4 post-inoculation followed by deaths on days 4 to 5. Therefore, to maximize virus uptake from each hamster, the hamsters were inoculated 1 day prior to tick attachment for hamster A, and 2 days for hamster B. Larvae were transferred from hamster A to hamster B within 24 h of hamster A dying. In the control experiments, cohorts of larvae were similarly fed on two hamsters, only one of which was infected. The uninfected hamster was sacrificed on the same day that the infected ones died.
Dual infection of nymphs by interrupted feeding. Seven cohorts of approx. 60 nymphs were dually infected by feeding sequentially on two viraemic hamsters, using a procedure similar to that described for larvae. As nymphs take 6 to 9 days to engorge, feeding was interrupted on hamster A, 4 to 5 days post-attachment. Hamster A was therefore inoculated with tsI-16 either on the same day as tick attachment or 1 day post-attachment, and hamster B was inoculated with tsII-48 2 days prior to tick attachment. In the control experiments, hamsters A and B were both inoculated with the same ts mutant.
Isolation of reassortant virus from infected ticks. Following dual infection by interrupted feeding, ticks were titrated for virus at specified times post-engorgement. Individual nymphs, or pools of 10 to 20 larvae, were homogenized in a microtissue grinder in 1 ml EMEM containing NBCS and antibiotics, clarified, and then titrated in Vero cells at 35 °C and 40 °C. When there was evidence of reassortment ( ~< 2.3 log10 p.f.u./ml difference in blood titre at 35 °C and 40 °C), 30 to 50 plaques were picked from the 35 °C plates and re-titrated at 35 °C and 40 °C. Evidence of reassortment in the ticks (rather than during titration in vitro) was demonstrated when the wildtype (wt) phenotype was detected on re-titration.
Feeding infected ticks on hamsters. Engorged larvae and nymphs dually infected by interrupted feeding (as described above) were allowed to moult. Pools of the resultant nymphs and adults were then allowed to feed on uninfected hamsters to determine whether they could transmit reassortant virus. Pools of approx. 30 nymphs from each of seven cohorts were allowed to feed on uninfected hamsters, 30 to 80 days following engorgement as larvae. On specified days after tick attachment, blood samples were taken from the hamsters and titrated to test for wt reassortant virus, as described above. Similarly, pools of six to l 2 adults (both sexes) from each of four cohorts were allowed to feed on uninfected hamsters, 36 to 50 days post-engorgement as nymphs, and blood samples were examined for wt reassortant virus on specified days after tick attachment.
RESULTS

Thogoto virus replication in hamsters
Hamsters infected with ts virus developed viraemia that was first detected 2 days postinoculation ( Fig. 1) . The mean blood titres on days 3 and 4 for tsI-16 were 6.7 log10 p.f.u./ml (range 4.4 to 8.0, n = 19) and 7.2 lOgl0 p.f.u./ml (range 7.1 to 7-2, n = 2), respectively, and for tslI-48 were 7.3 log10 p.f.u./ml (range 5.7 to 8.2, n = 19) and 8-0 loglo p.f.u./ml (range 7-7 to 8.1, n = 5). Virus isolated from the blood retained the ts phenotype. Most hamsters (88 ~o) died on day 4, and the rest died 5 days post-inoculation.
Reassortment in tick larvae
Reassortant virus was isolated 12 days post-engorgement, from larvae dually infected with tsI-16 and tslI-48 (Table 1) . A pool of 20 larvae from each of nine dually infected cohorts and two singly infected cohorts was assayed for virus. The mean virus titre (at 35 °C) of dually infected ticks was 3.0 log10 p.f.u./larva, and for the control ticks, 3.4 lOglo p.f.u./larva. Reassortant wt virus was detected in seven of the pools, representing cohorts 3, 5, 6, 8, 9, 10 and 11. The presence of reassortant wt virus in the seven tick pools was confirmed by re-titration of plaques picked from the 35 °C blood titrations: reassortant wt virus was isolated from 32~ of the plaques tested. For pools from which wt reassortant virus was isolated, recombination frequencies (~R) ranged from 1.0 to 12.6~. Reassortant virus was not demonstrated in either of the two pools of larvae (from cohorts 3 and 4) assayed on days 0, 2 and 6 post-engorgement. No wt reassortant virus was isolated from larvae infected with only a single ts mutant (cohorts 1 and 2).
Transmission of reassortant wt virus to hamsters by infected nymphs
Thirty to 80 days after engorgement as larvae, samples of 30 moulted ticks (i.e. nymphs), from six of the cohorts of dually infected larvae in which reassortant wt virus was detected (Table 1) , were allowed to feed on a total of eight uninfected hamsters. Seven of the hamsters became e. R. DAVIES AND OTHERS * Recombination frequencies for virus isolated from larvae 12 days post-engorgement. ~R was calculated from the following formula which allows for production of double mutants: ~R = ([(Y x ZLo -(Y + Z)4ol x 100 x 2)/(Y x Z)35, where Y is tsl-16 and Z is tslI-48.
t Mean virus titre (log10 p.f.u./ml) for pools of 20 larvae assayed for virus on various days post-engorgement on hamster B. Larvae were partially fed on hamster A before being transferred onto hamster B to complete engorgement (see Fig. 1 ). Titres underlined indicate samples from which 30 to 50 plaques were picked and titrated at 35 °C and 40 °C to check for wt reassortant virus; -, <0.3 log10 p.f.u./tick; -, no tick sample assayed; Con., control (uninfected hamsters). (Table 1) were fed on uninfected hamsters, 30 to 80 days post-engorgement. Pools of six to 12 adults (both sexes), which had moulted from dually infected nymphs (Table 3) were fed on uninfected hamsters 36 to 50 days post-engorgement. Cohort numbers refer to Tables 1 and 3. ~" Virus titre (loglo p.f.u./ml) of blood samples harvested various days post-inoculation and titrated at 35 °C and 40 °C. Titres underlined indicate samples from which 30 to 50 plaques were picked, and titrated at 35 °C and 40 °C to check for wt reassortant virus; -, <2-0 log10 p.f.u./ml. ~t D, Dead.
infected, reaching maximum viraemic titres of up to 7-9 log10 p.f.u./ml, 4 to 5 days after tick attachment (Table 2 ). Reassortant wt virus was isolated from the blood of five of the seven infected hamsters 4 days after tick attachment, and from one blood sample 5 days after tick attachment. The results were confirmed by re-isolation of reassortant wt virus from 22~o of plaques picked from the 35 °C titrations.
Reassortment in tick nymphs
Reassortant wt virus was isolated 12 days post-engorgement, from nymphs dually infected with tsI-16 and tsII-48 (Table 3 ). Up to 15 nymphs from each of seven cohorts were homogenized individually and assayed for virus. Seventy-six of 84 nymphs were infected (mean titre tsl-16 tsII-48 10 0/9 2.3 -* Mean virus titre (log,0 p.f.u./tick)of infected nymphs assayed individually, 12 to 15 days post-engorgement on hamster B. Nymphs were partially fed on hamster A before being transferred onto hamster B to complete engorgement. Titres underlined indicate samples from which 30 plaques were picked and titrated at 35 °C and 40 °C to check for wt reassortant virus; -, < 1.0 log10 p.f.u./tick.
t" Mean titre of those infected nymphs from cohort 14 or 15 which did not contain wt reassortant virus.
3"2 log~ 0 p.f.u./tick, range 1.3 to 4.9). Reassortant wt virus was isolated from nine (12%) of the infected nymphs, belonging to cohorts 14 and 15, and confirmed by re-isolation from 13 % of the plaques picked from the nine titrations at 35 °C. Recombination frequencies (%R) for the nine nymphs ranged from 2.0 to 10"0~o. Reassortant wt virus was not isolated from nymphs infected with only ts mutant (cohorts 12 and 13).
Transmission of reassortant virus to hamsters by infected adults
Samples of six to 12 moulted ticks (i.e. adults) from each cohort of dually infected nymphs were allowed to feed on a hamster, 36 to 50 days post-engorgement as nymphs. Three of 10 hamsters became infected, blood virus titres reaching 8.6 log10 p.f.u./ml by day 4, and died on day 5. Two hamsters exposed to ticks from cohorts 15 or 18 had wt reassortant virus in their blood on day 4; reassortant wt virus was isolated from 55% of plaques picked from the 35 °C titrations of these two blood samples. Reassortant virus was detected in cohort 15 but not in cohort 18, when the ticks were tested 12 to 15 days after completing engorgement as nymphs (Table 3) .
DISCUSSION
Relatively few experiments have established whether arboviruses can reassort in vivo. The only reported demonstration of arbovirus reassortment in a naturally infected vertebrate host is that of THO virus in laboratory-bred hamsters infected by tick bite (Jones et al., 1987) , but reassortment has been shown in sheep inoculated with a mixture of bluetongue orbivirus (BTV) serotypes (Samal et al., 1987) . Two studies on arthropods orally infected via artificial blood meals demonstrated reassortment in vivo: La Crosse bunyavirus in Aedes triseriatus (Beaty et al., 1985) , and BTV in Culicoides variipennis (A. EI-Hussein, personal communication) . Reassortment was also detected in four Dermacentor andersoni ticks inoculated with a mixture of two strains of Colorado tick fever virus (McCance, 1984) . In this paper, we demonstrate that reassortment can take place in an arthropod vector naturally infected by feeding on viraemic hosts.
Wild-type reassortants were isolated from R. appendiculatus larvae and nymphs dually infected by interrupted feeding on viraernic hamsters. The results indicate that reassortment occurred in the tick and not in the vertebrate host or during titration in vivo, Temperaturesensitive mutants were highly stable in hamsters infected in these and other experiments, and c.R. DAVIES AND OTHERS there was no indication that ts mutants were inhibited in their replication in hamsters compared with wt virus (Jones et al., 1987) . Furthermore, ts virus was isolated from larvae assayed on days 0, 2 and 6 post-engorgement. These observations indicate that ticks acquired ts virus by feeding on viraemic hamsters, and that reassortment occurred during replication of the ts mutants in the dually infected ticks. In larvae and nymphs, reassortant virus persisted trans-stadially to the nymphal and adult stages, respectively, and was transmitted when the nymphs and adults fed on uninfected hamsters. The alternative hypothesis, that ticks were passing a mixture of ts virus to the hamsters in which reassortment then occurred, was discounted for the following reasons. First, reassortant wt virus was isolated from 70 ~ (7/10) of the hamsters on which dually infected ticks fed, whereas Jones et al. (1987) demonstrated reassortment in only 11 ~ (1/9) of hamsters dually infected by tick bite. Second, reassortant virus was detected in hamster blood as early as 4 days after the ticks began feeding, compared with 7 days when reassortment occurred in the hamster (Jones et al., 1987) .
Reassortant virus was not detected in nine infected nymphs from cohort 18 titrated 12 days post-engorgement; however, following moulting, a sample of 12 adults from the same cohort apparently transmitted wt reassortant virus to a hamster. Two factors may account for this result. First, reassortment may have occurred in a low proportion (< 10 ~) of nymphs in cohort 18 and consequently not have been detected in the ticks sampled. Second, the titres of virus in ticks (range 1.3 to 4.3 log10 p.f.u./tick for cohort 18) were considerably less than in the hamster on which they fed (8-6 log10 p.f.u./ml); hence blood assay is a more sensitive method of detecting wt reassortant virus than titration of ticks. The proportion of dually infected ticks in which reassortant virus was detected (12~) thus probably underestimates the frequency of reassortment in ticks.
By using the natural infection route, the laboratory experiments were designed to mimic the field situation as closely as possible. However, the question remains to what extent arbovirus reassortment occurs in nature. Circumstantial evidence of naturally occurring reassortant arboviruses exists for La Crosse virus (Klimas et al., 1981) , Patois group bunyaviruses (Ushijima et al., 1981) and BTV (Sugiyama et al., 1981) . The relative probabilities of arbovirus reassortment in the vertebrate host and arthropod vector are undetermined.
Opportunities for dual infection of ticks are enhanced by the long term persistence of arbovirus infections in ticks, frequently coupled with vertical transmission. In contrast, viraemia in vertebrates tends to be short term, and is often followed by immunity or death. Thus, compared to vectors, vertebrates have a relatively short 'time window' in which dual infection can occur. However, vertebrates are often fed upon simultaneously by many hundreds of ticks, of which a significant proportion may be infected. An individual tick is less likely to be infected more than once (particularly ixodid species), as it takes only a few blood meals throughout its lifetime, and so is less likely to come into contact with more than one infected host. One-host ixodid ticks apparently have only a single chance of being orally infected by the same virus.
The potential for superinfection of ticks may also be limited by interference. Beaty et al. (1983) demonstrated that interference of bunyaviruses can occur in mosquitoes when superinfection takes place 24 h after an initial infection. In our experiments we used interrupted feeding to infect ticks dually in order to minimize the interval between feeds and so limit the chance of interference.
Is there any evidence of interrupted feeding in nature? Interrupted feeding is well documented for blood-sucking dipterans, such as mosquitoes (Mitchell & Millian, 1981) and horseflies (Waage & Davies, 1986) , and is elicited by host grooming responses. Ixodid ticks are not so easily dislodged by grooming activity when feeding, and are usually killed in the process. However, partially fed ticks may drop off the host as a result of host death (Sreenivasan et al., 1979) or tick immunity (Randolph, 1979) . Large numbers of partially engorged ixodid ticks have been observed in nature in at least two reported studies. Sreenivasan et al. (1979) discovered numerous partially fed Haemaphysalis spp. that had detached from monkeys that had died of Kyasanur Forest disease, and Blaskovic & Rehacek (1961) reported high frequencies of partially fed Ixodes persulcatus which presumably were from hosts suffering from Russian spring-summer encephalitis. In both reports it was proposed that the partially fed ticks would re-attach to new hosts to complete engorgement.
We suggest that reassortment of tick-borne viruses is most likely to occur during epizootics when the vertebrate hosts have characteristically high titre viraemias and may die. These conditions would increase the likelihood of partially replete infected ticks completing their blood meals on a second virus-infected host. Given the broad host range of most ticks, their ability to be disseminated vast distances, and the genetic diversity of the viruses they transmit, their potential for the generation of reassortant viruses is considerable.
